Very high rotational frequencies and band termination in '^'^Br 
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Rotational bands in Br have been investigated up to 
spins of / = 65/2 using the EUROBALL III spectrometer. 
One of the negative-parity bands displays the highest rota- 
tional frequency hu — 1.85 MeV reported to date in nuclei 
with A > 25. At high frequencies, the experimental J'^'^^ 
dynamic moment of inertia for all bands decrease to very 
low values, J"'^' < 10 ^i^MeV"^ The bands are described 
in the configuration-dependent cranked Nilsson-Strutinsky 
model. The calculations indicate that one of the negative- 
parity bands is observed up to its terminating single-particle 
state at spin 63/2. This result establishes the first band ter- 
mination in the A ~ 70 mass region. 
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Exploring nuclei at very high excitation energies and 
angular momentum is of fundamental importance for our 
understanding of many-body systems. Under such ex- 
treme conditions, one of the most interesting quantum 
phenomena is the termination of rotational bands. This 
means that a specific configuration manifests itself as a 
collective rotational band at low spin values, but gradu- 
ally loses its collectivity with increasing spin and finally 
terminates at the maximum spin in a fully aligned state 
of single-particle nature The origin of this phe- 

nomenon lies in the limited angular momentum content 
of the fixed configuration. Experimentally, terminating 
bands were first observed in ^^*Er Q , then in the « 110 
mass region ||^,^ and recently in several other mass re- 
gions Q . In a terminating band, the nuclear shape grad- 
ually traces a path through the triaxial plane, starting 
as collective (often at near-prolate shape, 7 « 0°) and 
evolving over many transitions to a non-collective state 
at oblate (7 = -1-60°), spherical or prolate (7 = —120°) 
shape ||l[. In the experiment, this has been most clearly 
demonstrated in the A « 110 and A ^ 60 mass regions 



The A « 70-80 mass region displays a large variety of 



structural effects. At low spins, there is a competition 
between prolate and oblate configurations due to the ex- 
istence of the deformed shell gaps at different particle 
numbers and deformations ||^. At higher spins, there 
is a shell gap at near-prolate and near-oblate collective 
shapes at neutron number 38 A further interesting 
observation is that the bands in *^Sr ^ show features 
which are generally associated with terminating bands 
lH,|o|, even though they do not appear to become fully 
non-collective. It is now an interesting question whether 
bands can be observed up to termination in the some- 
what lighter nuclei in the A = 70 mass region. This is 
the motivation behind the present study of the ssBrsg 
nucleus at very high rotational frequencies. 

High-spin states in ''"^Br were populated in the reaction 
^''Ca(^"Ca,Q;3p), using the 185 MeV beam delivered by 
the XTU Tandem accelerator of the Laboratori Nazion- 
ali di Legnaro. The experiment was performed using an 
enriched (99.96 %) ""^Ca target with a thickness of 0.9 
mg/cm^. 7-rays were registered with 15 Cluster pT|] and 
26 Clover ^ detectors of the EUROBALL III array. 
Charged particles were detected with the Italian Silicon 
Sphere (ISIS) consisting of 40 Si A£; - £; telescopes @. 
At forward angles, 15 segmented detector units filled with 
BC501A liquid scintillator were mounted to detect neu- 
trons (l|]. 

A total number of 2x10^ 777 events were recorded. 
The a3p exit channel leading to ''^Br is predicted to 3.4% 
of the total cross section, according to PACE calculations 
. 77-particle coincidences and 777 coincidences were 
sorted into two-dimensional Ej — Ej matrices and three- 
dimensional E-y — Ery — Ery cubes. Examples of doubly- 
gated coincidence spectra are shown in Fig. |l|. These 
coincidence data were analysed using the Radware pack- 
age [Q. The resulting level scheme of the ^^Br nucleus is 
presented in Fig. ^. The sequences A, B and C have been 
known from previous studies P^ill^ up to the states of 
spins and parities r = (45/2+), (47/2") and (49/2"), 
respectively. In this work, these rotational bands were 
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extended up to states with = (65/2+), (63/2~) and 
(65/2~), respectively, at excitation energies £' « 26 MeV. 
Moreover, a new sequence D was established, which feeds 
the 2855 keV, 4020 keV and 5335 keV states of band A. 

An analysis of the directional correlations from ori- 
ented states (DCO) was performed to assign spins to 
the newly observed states. The coincidence data were 
added up for the 35 most backward-angle detectors, lo- 
cated at an average angle of 156° (149°, 155°, 157°, 163°) 
to the beam and the 108 detectors near 90° (72°, 81°, 99°, 
107°). A 156° versus 90° 77 matrix was created in coin- 
cidence with a particles. From this matrix we extracted 
DCO-ratios defined as: 

r,exp _ Il56° (Gategpo ) , , 

-«DCO - r72 /(7„/-p7l ^ y'^) 

where ^iggo (Gateggo) denotes the efficiency-corrected in- 
tensity of the 72 transition observed at 156° when gating 
on 71 at 90°. According to the calculations for the DCO- 
ratios by Krane et al. ||l^, values of about 0.5 and 1 
are expected for stretched and pure transitions of mul- 
tipole order 1 and 2, respectively, if the gate is set on 
an E2 transition. The DCO-ratios of transitions in ''"^Br 
are plotted in Fig. ^. There are two clearly separated 
groups of transitions around DCO-ratios of 0.6 and 1, 
which are assigned as dipole and quadrupole transitions, 
respectively. The DCO-ratio very close to 1 for the 455 
keV Ml transition is related to the spin difference AI = 
between the initial and final states (see Fig. |^) . On the 
basis of the DCO-ratios we confirmed the character of 
all previously known transitions. We furthermore firmly 
derived an E2 character for the 1651 keV 7-ray in band 

A, for the 1471 keV, 1637 keV, 1780 keV 7-rays in band 

B, for the 462 keV and 1593 keV 7-rays in band C, and 
for the 1210 keV 7-ray depopulating the lowest observed 
state in band D. Hence, band D has the same signature 
and parity as band A. 

The rotational bands in ^"^Br display very high 7-ray 
energies (see Fig. For example the 7-ray energy on 
the top of sequence C is 3696 keV. This corresponds to a 
rotational frequency of hcu = £^7/2 — 1.85 MeV. This is 
the highest frequency ever observed in a rotational cas- 
cade in nuclei with ^ > 25. For comparison, the highest 
rotational frequencies reported so far are hcu = 1.82 MeV 
in the s°Zn nucleus § and hu; = 1.4 MeV in the i°^Sb 
nucleus |^ . 

A collective parameter which is very sensitive to the 
changes in the nuclear structure is the dynamic moment 
of inertia, J^'^^ — {dE^/dI)~^. In Fig. |l| a gradual in- 
crease in the 7-ray energy spacings as the 7-ray energies 
increase within the bands can be clearly seen. This im- 
plies a corresponding decrease of the dynamic moments 
of inertia i/*-^-*, which are presented in Fig. |4|-top. For 
huj < 1 MeV, the irregularities of J^*^^-' are signaling band 
crossings. For each band there are mainly two irregular- 
ities in J'^'^^ which could be caused by proton and neu- 
tron gg/2 alignments. In contrast, for frequencies higher 



than « 1 MeV, the dynamic moments of inertia of the 
bands converge and decrease to approximately 40 % of 
the value of a rigid rotor. This smooth down-sloping of 
the dynamic moment of inertia may indicate that, start- 
ing at ?ia; « 1.0 MeV, the configurations of bands A and 
C do not change up to the highest rotational frequency, 
and that the rotational band is gradually losing its col- 
lectivity. For band B a negative spike in J^^^^ occurrs 
at huj = 1.28 MeV and is caused by the decrease of the 
transition energy which indicates a band crossing. This 
behavior is reminiscent of ^^*Er where a band terminat- 
ing at / = 46+ crosses the more collective yrast band at 
/ « 40 Q]. The bottom graph of Fig. ^ shows the kine- 
matical moment of inertia J^^'' = I/uj. The latter stays 
close to the rigid-body value. For high rotational fre- 
quencies the relation J^^^^ ^ JT"^^^ indicates that pairing 
correlations play no important role. 

In order to assign configurations to bands A, B and 
C we have used the configuration-dependent Cranked 
Nilsson-Strutinsky (CNS) approach [^,^ based on the 
cranked Nilsson potential. Since we are interested in the 
high-spin properties, the pairing correlations have been 
neglected in the calculations. The calculations minimize 
the total energy of a specific configuration for a given spin 
with respect to the deformation parameters (£2,£4,7)- 
Thus, the total energy and the shape trajectory (the evo- 
lution of the minimum of the total energy in the (£2,7) 
plane as a function of spin) are obtained for each config- 
uration. The configurations of interest can be described 
by excitations within the iV = 3 P3/2, /5/2, P1/2 and the 
N — ^ 9^/2 orbitals. Thus, there are no holes in the f'j/2 
subshell and no particles in the orbitals above the spher- 
ical shell gap at 50. In the Ref. Q it was shown that at 
the deformation of £2 = 0.35 the lowest neutron intruder 
orbital from the /iii/2 subshells comes down and crosses 
the Fermi surface at fioj — 1.4 MeV. However, the CNS 
calculations including one neutron in the /iii/2 orbital 
result in bands which behave very differently from the 
observed bands. 

Furthermore, the highest -/V = 3 pi/2 orbital will not 
become occupied in the low-lying configurations of ''■^Br; 
therefore we can omit Pi/2 in the labeling. Note also 
that all orbitals are treated on the same footing in the 
cranking calculations, which means that, for example, 
the polarization of the core is taken care of. 

In the following, the configurations will be specified 
with respect to a 28^128 core as having 7 active protons 
and 10 active neutrons. They will be labeled by the short- 
hand notation [piP2j where piirii) stands for the 
number of protons (neutrons) in the (p3/2,/5/2) orbitals 
and P2{n2) stands for the number of protons (neutrons) 
in (7g/2 orbitals. In addition, the sign of the signature a 
of the last occupied orbital (given as a subscript) is used 
if the number of occupied orbitals in the specific group 
is odd. 

Considering that the bands A, B and C extend to high 
spins of / = (65/2) or (63/2), we will first outline the 
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possible proton and neutron configurations using their 
maximum spins /m^x ^ criteria. The maximum spin is 
defined from the distribution of particles and holes over 
the j-shells at low spin. Including 2 protons in the gg/2 
orbital, there are 5 (/5/2P3/2) protons, which lead to a 
maximum proton spin of /j'^ax ~ 27/2 or 29/2 for the pro- 
ton subsystem depending on signature. The maximum 
proton spin becomes 33/2 for proton configurations with 
3 .gg/2 protons if the last proton occupies the favoured 
{a = +1/2) gg/2 signature. Including 3 neutrons in the 
(7g/2 orbital, the maximum neutron spin /j^ax is 15 or 
16 depending on the signature for the 7 (/5/2P3/2) neu- 
trons. Adding one more neutron to the 179/2 orbital, the 
maximum neutron spin is /^ax = 18. The occupation 
of additional 179/2 orbitals adds only marginally to the 
maximum spin, but costs a lot of energy. Thus, it is rea- 
sonable to expect that such configurations will be consid- 
erably above the yrast line in the spin range of interest. 
There are five out of all possible combinations, where the 
proton and the neutron spins add to a maximum total 
spin of /max > 63/2. The calculations show that one 
of these configurations, [43_|_,7_3+], does not build any 
'collective band' for spin values / « 30. Therefore, only 
four configurations, namely [43+, 64], [5+2,64], [5„2,64] 
and [43+, 7+3+], are left as possible candidates for the 
observed bands. 

In Fig. |5|the calculated energies relative to a rigid rotor 
reference {E — -Err) of the above mentioned configura- 
tions are compared with the experimental data. The CNS 
calculations indicate that these configurations are indeed 
the lowest-lying ones capable of building angular momen- 
tum up to the values observed. Since pairing correlations 
have been neglected, the calculated energies are expected 
to be realistic only at high spin of / > 15. In the calcu- 
lations, the configurations are following a parabola-like 
energy curve. As seen in Fig. ^, the [43+, 64] configu- 
ration has its minimum around spin 61/2, while band A 
seems to approach the minimum at 65/2. Amongst the 
considered configurations, the [5+2,64] configuration is 
calculated to be lowest up to spin / = 57/2, which re- 
produces the experimental situation with band C. More- 
over, the minimum in {E — /Jrr) occurs at similar spin 
values, 57/2 in band C and at 53/2 in the [5+2,64] con- 
figuration. Based on this comparison of theoretical and 
experimental energies we assign the [43+, 64] and [5+2,64] 
configurations to bands A and C, respectively. 

Band B is observed up to / = (63/2). The calcula- 
tions suggest that the [5_2,64] configuration can be as- 
signed to this band at low and medium spin. It is the 
signature partner of the [5+2,64] configuration assigned 
to band C. These configurations reproduce well the slope 
of experimental {E — Srr) curves for bands B and C, 
but underestimate the signature splitting between them. 
The [5-2,64] configuration is crossed at spin 57/2 by the 
[43+, 7+3+] configuration (see Fig. ||). The predicted 
crossing is indeed observed in band B at spin (55/2~) 
(Fig. H). Thus, the latter configuration can be related 
to band B above the band crossing. In the calculations. 



the band built on the [43+, 7+3+] configuration termi- 
nates at the maximum spin of the particle configuration, 
i.e. at 63/2. This can be seen in the shape trajectories, 
which are presented in Fig. |[ Whereas the trajectories 
related to bands A and C include collective near-prolate 
deformations over the whole spin range, the configura- 
tion assigned to band B after the band crossing at 55/2 
(empty triangles) undergoes a shape change from a collec- 
tive 7 « -1-30° shape to a non-collective oblate 7 = -1-60° 
shape between spins 55/2 and 63/2. Thus, the band built 
on this configuration terminates at the maximum spin 
/max — 63/2. Since this coincides with the maximum 
spin observed in band B, we have observed this band up 
to its termination. Our interpretation of band B requires 
a relatively strong interaction between two configurations 
which differ in their occupation of the j-shells for both 
protons and neutrons. This might appear unlikely but 
one could also note that a high-spin crossin g in a termi- 
nating band in lO^Sn has been interpreted [p4| as built 
from configurations which differ in an analogous manner. 

In band A a branching at spin / — (53/2) is experimen- 
tally seen (see Fig. The configuration assigned to this 
band shows a shape change from 7 w —15° to 7 w -1-5° 
(see Fig. ^) between / = 53/2 and 57/2. This suggests 
that in each minimum, there is a smooth configuration 
and the calculated yrast configuration jumps from one 
minimum to the other with increasing spin. Thus, the 
two states at (53/2) might belong to these different min- 
ima. A similar branching is also observed for the band 
C, but appears even more difficult to describe in the cal- 
culations even though the irregularities in the shape tra- 
jectories (Fig. H) suggest the possibility of competitions 
between different minima in all configurations shown in 
Figs. ^ and ^. However, these branchings remain an in- 
teresting experimental result and a challenge to theory. 

In summary, we observed in the ^"^Br nucleus the 
highest rotational frequency in a cascade in nuclei with 
yl > 25. Out of the four observed rotational bands could 
be followed up to its termination. Moreover, we give ar- 
guments on the particle structure of this band. According 
to the calculations the other two high-spin bands are not 
terminating; instead they stay collective beyond the max- 
imum spin defined from the distribution of particles and 
holes over the j-shells at low spin. These results estab- 
lish the phenomenon of band termination in the A w 70 
mass region for the first time. The predicted decrease 
in the quadrupole moment along the terminating band 
should be observable via Doppler shift lifetime measure- 
ments. Further studies will be important in order to ob- 
tain greater insight into the systematics of the physical 
observables in connection with band termination in this 
mass region. 
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FIG. 1. 7-ray spectra generated by setting various dou- 
ble-gates in the cube. The insets show the higher energy part 
of the corresponding spectra. 
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FIG. 4. Observed dynamical moment of inertia, J^^^ and 
kinematical moment of inertia ^'^^ , as a function of frequency 
for the bands A, B and C. The horizontal dot-dashed line 
indicates the rigid-body value for a deformation of £2 = 0.3 
and 7 = 0. 
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FIG. 5. Comparison between the experimental (lower 
panel) and calculated (upper panel) energies relative to a rigid 
rotor reference. The parameters for A = 80 nuclei from |23] 
were used in the CNS calculations. The calculated energies 
are normalized so that the energy of the [5+2,64] configuration 
for spin I = 57/2 fits the observed energy of band C. Termi- 
nating states are indicated by large open circles and collective 
states of 'maximum spin', /max, by large open squares. In the 
spin range / = 41/2-57/2, the configurations [5+2,7-3+] and 
[5-2,7+3+], terminating in non-collective oblate states at I 
= 45/2 and / = 57/2, are calculated to be somewhat lower 
than the configurations shown in the figure. They are never- 
theless not included, because their maximum spins are below 
the maximum spins observed in the experiment. 
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FIG. 6. Calculated shape trajectories in the (£2,7) plane 
for the configurations assigned to the bands A, B and C. The 
range of the angular momentum is given next to the configu- 
ration. The trajectories are not regular at low spin due to the 
strong competition and coexistence between different minima 
in the potential energy surfaces corresponding to positive or 
negative 7 values. 



